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ABSTRACT

In cattle, the kidne y has been the only known
site for product ion of 1 ,25-dihiydroxvvitairun D
[1,25(OH) 2D . J from 25-liydroxvvitamjn D3 [25(OH)D3
by lo-hydroxv1ase (ics-OHase). Based on human stud-
ies, it was hypothesized that bovine monoc ytes could
produce 1 ,25(OH) 2D upon activation and 1 ,25(OH)D;1
would regulate expression of vitamin D responsive
genes in monocytes. First, the effects of 1 25(()H) 9 D:3 on
bovine monocytes isolated from peripheralperipheral blood were
tested. Treatment of rionstiniulated monocytes with
1,25(OH)9D.1 increased expression of the gene for the vi-
tamin D 24-hvcli'oxylase (24-011ase) enzyiiie by 51 ± 13
fold. but 1,25(OH) 2 D 3 induction of 24-011ase expression
was blocked by lipopolysaccharide (LPS) stimulation.
In addition. 1.25(OH)D 3 increased the gene expression
of inducible nitric oxide synthase and the cheniokine
RANTES (regulated upon activation, normal I-cell
expressed and secreted) in LPS-stimulated nionocvtes
69 ± 13 and 40 + 12 fold. respectivel y. Next, the ability
of bovine monocytes to express ln-OI-Ia,e and produce
1 ,25(OH) 9 D.3 was tested. Activation of monoc ytes with
LPS. tripalmitoviated lipopeptide (Pam3CSK4), or
peptidoglycan caused 43 + 9, 17 + 3 1 and 19 + 3 fold
increases in Ics-OHase gene expression, respectively.
Addition of 25(OH)D.3 to LPS-stimulated rnonocytes
enhanced expression of inducible nitric oxide synthase
and RANTES and nitric oxide production in a (lose-
dependent manner, giving evidence that activated
monocytes convert 25(01 ­1)1) 1 to 1,25(0I{) 2D 1 . In Con-
clusion, bovine rnonocytes produce 1.25(OH) 2 D 3 in re-
sponse to toll-like receptor signaling, and 1.25(OH)5D.
production in monocytes increased the expression of
genes involved in the innate immune system. Vitamin
D status of cattle might be important for optimal in-
nate immune function because 1,25(OT-I) 2D.i production
ill activated nionoc ytes and subsequent upregula.tion of
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inducible nitric oxide s ynthase arid RANTES expres-
sion was dependent on 25(011)D 3 availability.
Key words: vitamin D. bovine innate immunity, ni-
tric oxide. RANTES

INTRODUCTION

For several decades now, it has been known that there
is an endocrine niechanism to regulate renal production
of 1,25-dili drox vitamin D: i [1,25(OH) 9D 3] as a way
to regulate the concentration of 1.25(OH)2D 3 systenni-
cally (Horst and Reinhardt, 1983). The primary func-
tion of renal 1,25(OH)2D 1 production was considered to
he maintenance of calcium homeostasis (Horst, 1986).
It has become evident that I .25(()H)2D.1 modulates, the
immune response of several species, including cattle
(Waters et al., 2001). Furthermore, activated human
macrophages produce 1,25(OH) 9D 1 as part of the un-
mune response to regulate 1.25(OH) 9 D.3 concentration at
time site of inflammation (Liu et al., 2006). Local control
of 1 .25(OH) 2D 1 concentration regulates genes involved
in immune responses locally rather than systemically
(Schauber et al., 2007). Existence of a mecharnsrn to
control 1 ,25(OH) 9D.3 production and gene expression
locally in humans and mice suggests that there might
be a similar mechanism in cattle.

Vitamin D, acquired in the diet or by radiation
of 7-dehvdrocholesterol with UVB light in the skin,
is converted to 25-hydroxyvitamin D: i [25(OH)D3]
in the liver (Horst andl Reinhardt. 1983). The major
circulating metabolite of vitamin D is 25(OH)D:m, and
the concentration of 25(01I)D . in blood is relatively
stable in cattle (Sommerfeldt et, al., 1983). Conversion
of 25(OH)D 3 to 125(OH)2D is accomplished by the en-
zymatic activity of ics-lmvdroxylase (1-OHase; Sa.kaki
et al.. 2005). The ligandi for the vitamin D receptor is
1 .25(OH)2D:3 : the vitamin D receptor is activated upon
binding 1,25(OH)9D j (Reinhardt et ad.. 1989). The
activated vitamin D receptor regulates expression of
genes that contain functional vitamin D response ele-
uients in their promoters (Lin and White. 2004). It is
estimated that greater than 1.000 genes are regulated
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by 1,25(OH) 2D3 (Wang et al., 2005), and the vitamin D
receptor is present in most tissues and cell types (Lin
and Vvinte. 2004). Therefore. 1,25(OH) 2D 3 concentra-
tion is regulated tightly to control its effects on gene
expression.

The kidney was the only known source for 1 ,25(OH)2D3
in cattle, and regulation of lo-OHase expression in the
kidney is mainly in response to calcium homeostasis
(Horst, 1986). In contrast, 1&-011ase was expressed
in human monocytes and niacropiiages in response
to activation by toll-like receptor (TLR) recognition
of pathogen-associated molecules (Liu et al., 2006).
In human macrophages. 1.25(OH) 2 D:i increases the
expression of cathelicidin directly via a vitamin D re-
sponse element in the cathelicidin promoter (Gombart
et al.. 2005). It was found that 1.25(OH) 2 D 3 induction
of cathelicidin expression in human macropha.ges was
necessary for the killing of intracellular Mycobacterium
tuberculosis (Liii et al., 2007). In cattle, 1,25(OH)2D3
modulated the immune response in vitro by increasing
nitric oxide production and decreasing IFN- produc-
tion in peripheral blood mononuclear cells (Waters et
al., 2001). Production of 1.25(OH) 2 D 3 in the kidney
does not increase as part of the immune response in
cattle (Waldron et al, 2003): so. if 1.25(01­1) 2D 3 modu-
lates the immune response in vivo, there would seem
to he a source other than the kidney. It was hypoth-
esized that bovine monocytes express 1-OHase and
produce 125(OH) 2D 3 at the site of infection in response
to TLR signaling to direct local regulation of vitamin
D—responsive genes. The objectives were to assess the
effects of 1.25(OH)2D 3 on bovine nionocytes isolated
from peripheral blood and test the ability of bovine
mnonocytes to express la-OHase and convert 25(OH)D3
to 1,25(OH)2D,.

MATERIALS AND METHODS

Animals

A group of 12 healthy, nudlactation Holstein cows
at the National Animal Disease Center were used. The
number of cows used for each experiment ranged from
4 to 6 and is specified in the figure legends. The care
and treatment of the cows used were approved by the
National Animal Disease Center animal care and use
committee.

Monocyte Isolation and Culture Conditions

Monocytes were isolated by adherence to tissue
culture flasks as described previously (Stabel et al.,
1997). Briefly. peripheral blood was collected into 2 x
acid citric dextrose, and the mononuclear cell fraction
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was separated by density gradient centrifugation. Cells
were resuspended in RPMI 1640 (Sigma-Aldrich. St.
Louis, MO) plus 10% fetal bovine serum (FBS; Fly-
clone. Waltham. MA) and incubated at 37°C for 1 h in
tissue culture flasks. Lymphocytes were then removed
by washing 3 times with warm PBS. Monocytes were
dislodged from time tissue culture flasks using cold PBS
pills 20 mM EDTA Monocytes were pelieted and resus-
pended to a concentration of 10 cells/mL iii RPI\lI 1640
containing 50 tg/mL gentamicin (Invitrogen. Carlsbad.
CA) and placed in 21-well or 96-well non-tissue-culture-
treated polystyrene plates (Becton Dickinson.. Franklin
Lakes, NJ)

All treatments were added to heat-inactivated PBS at
10 x  the desired final concentration, and FBS was added
to wells containing mouocytes to a final concentration
of 10%. Monocytes were incubated with the treat inents
for 24 Ii at 37°C in 5% CO2. Lipopolvsaccharide from
Scrratia marccscens (Sigma-Aldrich): Pam3CSK4 (In-
vivoGen. San Diego. CA), a synthetic tnipalmitoyl lipo-
peptide: and peptidoglycaim from Staphylococcus aurcus
(lnvivoGen) were in endotoxin-free water. Both 25 (OH)
D:3 and 1.25(0II) 2 D 3 (Sigma-Aldrich) were diluted to
a concentration of 100 ng/p.L in 100% ethanol. Con-
centrations were confirmed by UV spectroscopy using
an extinction coefficient of 18.200 Al '/cm. The final
concentration of ethanol did not exceed 0.04% for any
of the treatments. and a treatment of ethanol alone at
0.04% was used as a control for the effects of ethanol.
The lot of FBS used contained no more than 20 ng/
niL of 25(011)1):,. Ketoconazole (Sigma-Aldrich) was
solubilized in PBS at pH 2.5 and diluted to 50 .mg/mL
in PBS at pH 7.

Measurement of Relative Gene Expression

R.ihoinmcleic acid was isolated from inouocyt ('5 using
an RNeasy Mini Kit (Qiagen. Valencia, CA) according
to the manufacturer's instructions and eluted with 50
iL of R,Nase-free water. Time RNA was reverse tran-
scribed to eDNA in a 20-pL reaction using a. High Ca-
pacity Reverse Transcription KitKit (Applied Biosystemns.
Foster City. CA) with 10 1iL of RNA sample and 20
units of RNase Inhibitor (Applied Biosystemmis). Reac-
tions were incubated at 37°C for 2 Ii and heated to
85°C for 5 s. The eDNA samples were diluted 1:10 in
sterile water and stored at —20°C. Quantitative PCR
was performed with the 7300 Real-Time PCR System"
(Applied Biosystenis) according to the manufacturer's
instructions. Reactions consisted of 12.5 1iL of SYBR.
Green PCB. Master Mix (Appliedi Biosystems). 2.5 [it-
each of 10 1iM forward and reverse primers, and 7.5
iL of diluted eDNA. Primers pairs were designed with
Priiner3	 (http://frodlo.wi.1nit.e(Iu/Primer3)	 (Rozen



Table 1. Iriiiie'r .'K('qIteflC('s fur real-time- I'CII

0 , 1 	Aecessiou tie. sequence 5' 3'
Product	 Pri rIcer
size (hid	 effieicmcvSt rruiic1

Jo - II v I xvl; oe (1cc- OJTe.e

24-1I drox y lase (24-011ase)

Cathelicidin 4 (CATH.1

C'atiielicidiu 5 (('ATIIS

('at licliciclin 6 ( C:VI1116

lnl p rlcimkimj-1 .1 (IL-13)

1NOS

RANTES

Ribosomal iot-m S9 (RPS9)

XM.588i8I

X\1_591 370

N\1174827

NM_17-1510

NM_I 74832

NM_i 74093

NM_001076799

NM_175S27

N\I_O01 1111 152

117 1651

F
1-i
F
14
F
H
F
H
F
H
F
H
F
H

H
F
H
F
H

p
VITAMIN D SIGNALING IN THE BOVINE

	
1043

TTCTCA(\ClGCTT('('gC\[cc1('T
CAACACTGCCAC.tCG(;TCA(;
CACCCAACA(CTCC....GATT
AGACT(:1'CATcc'1'ACC'cTç;(1\ .

-TTTCACTG'I'CCAC1AAC('C('(I\.
GT(X.'TI'GCAACAAC4'fATC3('('C
C; GcccAc..\ATTCAC'cc..\.y rFCT CA
I'C'CAc YC'ATTCCC("lA CT CC
C'ACAA'I'CC'AAAAGCCT(:Ac;('
GC'CTTCCIC TAT CAA.CCA('AA
TTTCCGGTCTACTTCCTCC.A
CAT('('AC I C(.1T('GAAC(.'1 (IC
(.'.\CI (1.A'f1.I-1C( 'CCACC fCAI'G
CA 'CACCI TC( * A  C CAC'lA IT
CT CC ('AC CCA('rICTTCT(
C T  AGCTCTC GA G G G T( 'AA A
GCCCXI'i'AC'('Tr('CAC,.i(I,m,
CICTCAAC('AC(.... . (1ATCA('AA
l('TTTATC'CICC'AjC( .-\CCfC

	

81)
	

1.119

	

97
	

1.01

	

136
	

0.117

	

(13
	

1.04

	

91
	

1.11

	

90
	

1.04

	

128
	

0.97

	

116
	

1.1)1

	

108
	

1.02

	

102
	

0.93

iNOS = IIIdU(]OIK ccii ri- ,xidc' svmil Ilcise: RANTES = regulated 191cm activation. normal Cecil expressed and secreted: Si OOAJ 2 	 S IOU (K11(illlti
bimidmg protein Al2.
http://www.ncbi.iilm.mmih.goc- .
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'Printer sequence from (Aalberts et al., 2007).

and Skaletsky, 2000) to span intron—exon boundaries.
Primer equeiiccs along with the efficiency of replica-
tion for each primer pair are in Table 1. The efficiency
of each primer pair was calculated iising the equation
Efflciencv = —1 + 10 1 -- ] iUI where slope equals the
slope of a standard curve generated with known dilu-
tions of eDNA in the PCR reactions. Primer specificity
was determined by gel electrophoresis and melting curve
analysis. Relative quantification of niRNA transcripts
was accomplished using the 2' method (Livak and
Sclimnittgen. 2001). The gene fbi ribosomal protein S9
(RPS9) was used as the reference gene (Janovick-
Giuetzkv ci al. 2007), and stabilit y of RPS9 expression
was checked by comparison with 8-aetin expression.
For each experiment. the control sample was used as
the calibrator, and expression of each gene is reported
as fold increase relative to ti l e control.

Measurement of Nitric Oxide Production

The concentration of nitrite in the culture superna-
tant at the end of the inc'tll.)ation period was used as
an indicator of nitric oxide produced by monocyt.es .
Nitrite concentration was measured by adding 100 ILL
of culture supernatant or culture media with 0 to 100
i.M sodium nitrite to 100 1iL of Griess reagent. [0.5%
sulfanilamide, 2.5% phosphoric acid, and 0.055/, N_( 1-
na.phthyl) et-hylenediamine dihydrochloride Sigma-
Aldrich] in a 96-well clear bottom plate. The reactions

were incubated for 10 win at room temperature.
Absorbance at 550 nnt in each well was measured us-
ing a. FlexSta,tion 3 plate reader (Molecular Devices.
Sunny vale. CA). Absorbance values were converted to
m oicrnioles per liter using a. standard curve. To ensi.ire
that nitrite accumulation in the culture supernatant
was aresult of nitric oxide s ynthase activit y. 1 mIll
of M ' -niormoiuethvl-i-arginine (Signia-Aldrich), a nitric
oxide svnthasc inhibitor.  was added as a control treat-
mcmii:. There was 110 accuinulat ion of nil mite in the ciii-
ture supernatant when Pv ' -niolomnethvl-L-argimiiue was
added as a. treatment.

Statistical Analysis

Response variables were anal yzed as a completely
randomized block design with PROC GUM (SAS In-
stitute In(, .. Cary, NC). The model accounted for ef-
fects of treatment and cow. Experimental unit.s were
blocked according to cow to account for variation of
Inonocyt.e responses between cows. For gene expression.
ACt- values were used as time response variables iii the
analyses. Mean LCt values ± SE were transformed
(2 I) 

and presented as time mean fold increase ida-
t.ive to control.

Multih.)le-comparison tests of the means were made
with the Tiikey adjustment. Differences were consid-
ered significant at P < 0.05.
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Figure 1. Effects of LPS and l.25-cliliydroxyvit.iunin D [1,25(01 ­1) 2 1)3] treatment oil expression in bovine nionocyte.s. Monocytes were

isolated from peripheral blood of . 1 cows and treated with 100 ng/mL of LPS and 1 ug/mL of 1.25(OH) 2 D: i as indicated for 24 h. Relative ex-

pression of (A) 24-hydroxylase (24-OHase) and cathelicidin (CATH) 4. 5. and 6 and (B) inducible nitric oxide synthase (MS), interleukin-1
(IL-id). RANTES (regulated upon activation, normal T-cell expressed and secreted), and S100 calcium binding protein Al2 (S100Al2) was
determined using real-time PCB and the 9--Ct method. The mean fold increase shown for each gene is relative to the nontreated control. Error

lairs represent SE. n = -1. 'Means with different let(crs are different.  P < 005.

RESULTS

	

	 Of the other genes tested, inducible nitric oxide s yn-
tliase (iNOS), regulated upon activation, normal T-cell

Effects of 1 , 25(OH)2D3 on Monocytes expressed and secreted (RANTES) and S100 calcium

Initially the effect of 1.25(OH) 2 D 3 on 24-hyciroxylase binding protein Al2 gene expression were upregulated

(24-OHase) expression in monocytes was tested be- by treatment with 4 ug/mL of 1,25(OH)A t alone

cause 24-OHase is known to be a vitantun D -responsive (P < 0.05; Figure IB). The combination of LPS and

gene. The 24-OHase expression in monocytes increased 1,25(OH) 2 D:t treatments resulted in increases of both

with 1.25(OH) 2D:3 treatment (P < 0.05; Figure 1A). iNOS and RANTES gene expression relative to either

Surprisingly though, the effects of 1,25(OH) 2D 3 on treatment alone (P < 0.05; Figure 1B). There was no

21-OHase expression were greatly reduced when mono- synergistic effect of LPS and 1 1 25(OH) 2D 3 on S100 cal-

cytes were activated with LPS (P < 0.05: Figure 1A). cium binding protein Al2 gene expression (Figure 1B).

The effects of 1.25(OH) 2D 3 on cathelicidin gene expres- Interleukin-13 gene expression increased slightly (P >
sion were tested. The expression of CATH4, CATH5, or 0.05) in nonactivated and LPS-activated monocytes
CATH6 was not increased by 1,25(OH) 2D:t treatment treated with 4 ng/mL of 1,25(OH) 2D:i (Figure lB)

in itonstimulated or LPS-stiniulated inonocytes (Figure	 In LPS-activated monocytes, RANTES expression

IA).	 was increased by addition of 0.04 ng/mL (P < 0.05) of

Journal of Dairy Science Vol. 93 No. 3, 2010
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Figure 2. Effects of 1,25-dihvdroxvvitainin D: i [1 .25(OH)2DJ dose
on LPS-stimulated monocytes. Peripheral blood m000cytes were iso-
lated from 6 cows and treated with 100 ng/mL of LPS and 0 to 4
ng/mL of 1,25(011) 2D 3 as indicated for 24 h. Relative expression of
RANTES (regulated upon activation. normal T-cell expressed and
secreted: A) and inducible nitric oxide s ynthase (iNOS; B) was dIe-
tcrnuned using real-time PCR. and the 2 method. The mean fold
increase shown for RANTES and iNOS expression is relative to the
nontreated control. (C) Nitric oxide production was determined by
measuring the amount of nitrite in the culture supernatant with the
Criess assay. Error bars represent SE, n = 6. Means with different let-
ters are different, P < 005.

1.25(OH)D. 3 and peaked with addition of 0.-i ng/inL of
I 25(OH).,D (Figure 2A). Both iNOS expression and
nitric oxide production increased with L.25(014 ' ) 2D:,
dose in LPS-activated mouocvtes (P < 0.05:Figres
213 and 2C).

Expression la-OHase in Monocytes

Time abilit y of bovine nmonocvtes to express RN-OHase
upon activation with TLR ligauds was tested .Activa-
tion of bovine rnonocvtcs with LPS. Pain3CSK1. or
peptidoglycan triggered a large increase in lo.-OHase
gel1e expre.ssioIl relative to nonactivated nionocvtes (P
< 0.001: Figure 3).

Activity of la-OHase in Monocytes

Increasing the concentration of 25(OH)D 3 in the
culture media, to physiological concentrations iicreased
RANTES and iNOS gene expression and nitric oxide
production in LPS-stimulated monocvtes in a dose-
dependent manner (linear effect., P < 0.001: Figure 4).

To determine if I n-OHasc activity is necessary for
the effects of 25(OH)D 1 on activated monocvtes. ke-
toconazole, a competitive inhibitor of En-OHase. was
used to block conversioml of 25(OH)D 1 to 1,25(OH)9D.
Treatment with ketoconazole decreased the effects of

none	 LPS	 Pam3	 PGN

Stimulant

Figure 3. Toll-like receptor signciliig iiduces lo-li drox lase
(lu-Ol-lase) expression in bovine mnouocvtes. \lonoevtes were isolated
from peripheral blood of 6 cows and treated with 11)0 ng/ml. of LPS,
5 pg/niL of Pani3CSN4 (Pamn3). or 5 )ig/mL of peptidoglvc'au (PGN)
for 24 ii. Relative expression of lo-OHasc was (leternnne(l using real-
time PCR and the 2 method. The incami fold increase shown for
ici-OHase expression is relative to the nonstinmnlated control. Error
bars represent SE. ii = 6. ***Mean is different from control. P <
0.001.
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25(OH)D 3 dose (ng/mL)

Figure 4. Gene expression of BA NTES (regulated upon activa-
tion. normal 1-cell expressed and secreted) and inducible nitric ox-
ide svnthase (iNOS) and nitric oxide production increase with 25-h-
droxvvmtainmui D 1 [25(OH)D .1] dose. Peripheral blood nmonocytes were
isolated from 6 cows and treated with 101) rig/inL of LPS and 0 to
100 ng/mL of 25(O1)D: i as indicated for 24 h. Relative expression of
RANTES (A) and iNOS (B) was determined using real-time PCR and
the 2Mt method. The mean fold increase shown for IIANTES and
iNOS expression is relative to the nontreated control. (C) Nitric oxide
production was determined by measuring the amount of nitrite in the
culture supernatant with the (Iriess assa. Error bars represent SE. a
= 6. Means with different letters are different. P < 0.05. *Linear ef-
fect, P < 0.001.

25(OH)D1 oil and INOS gene expression and
nitric oxide production but not ics-OHase gene expres-
sion in LPS-stimulated rnonocytes (P < 0.05: Figure 5).
Furthermore, the effects of ketocona.zole were reversed
when exogenous 1 ,25(OH)9D 1 was added to the culture
media (P < 0.05). Addition of 25(OH)D: 3 to monocvtes
that were not activated with LPS increased RANTES
gene expression (P < 0.05) even though lo-01ase gene
expression was not elevated.

DISCUSSION

It has been known that 1 25(OH)9D .3 modulates bovine
immune responses by increasing nitric oxide production
by peripheral blood niononuclear cells in vitro ( ),Va-
ters et al.. 2001). This studmore specifically revealed
that 1,25(OH) 2D 3 enhanced iNOS gene expression in
activated inonocytes. It showed for the first time that
RANTES expression was increased by 1 .25(O1I)2D..
However, the concentration of 1 ,25(O}1)9D . 1 needed to
increase iNOS and RANTES was much greater than
the normal concentration of 1.25(OFI)D 3 in serum.
which is less than 50 pg/inL (Hoist and Reinhardt,
1983). Also, the concentration of 1 .25(OFI)2D3 ill serum
did not increase (luring infection iii cattle (Waldron et
al.. 2003). It was shown in this stud y that bovine mono-
cytes converted 25(OH)D:m to 1,25( FI),D3 in response
to TLR signaling, providing 1,25(OH)2D: t at the site
of infection. Furthermore, physiological concentrations
of 25(01-1)1):m. winch typically range from 20 to 50 n,)/
mL, were sufficient to increase iNOS and RANTES
gene expression through the actions of Ics-OHase in
nionocytes.

An interesting observation in terms of regulating
1 ,25(OH)9D .1 concentration at the site of infection was
the regulation of 21-01-1a.se expression. Inactivation
of 1 ,25(OH) 2D:.i occurred by hydroxylation at the 24
position by 24-011ase (Reinhardt and Horst. 1989).
Expression of 24-OHase normally is upregulated by
1,25(OH)2D as a, means to limit the concentration of
1,25(OH)9D 3 (Goff et al., 1992). The same regulation
of 24-011a.se expression occurs in nonactivated bovine
monocytes. Activation of monocytes with LPS blocks
induction of 24-01-lase expression by 1.25(OH)9D3.
Without. 24-OHase, 1,25 (OH) 2 D t produced iii motto-
cytes will not be degraded and will continue to regulate
gene expression. Inhibition of 24-01Iase expression in
LPS-activated nionocytes seems to amplify the effects
of 1,25(01-10 3 oil and RANTES gene expres-
sion. Physiologically, this might be a. another means to
increase the concentration of 1,25(OH)2D . at the site
of infection and increase the expression of iNOS and
R,ANTES and possibly other genes as well. The specif-

Journal of Dairy Science Vol. 93 No. 3, 2010
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ics of this observation will have to he studied further to
better understand the ph ysiological effect.

There is a major difference between inn naims and cat-
tle in regard to the effects of 1 .25(oH).D,, on I lie innate
immune response. In human monocvtes, production of
1.25(OH) 2 D 1 increased the expression of cathelicidin.
which enhanced killing of intracellular Al. tubcjruloss
(Liii et, al.. 2007) In contrast, the bovine cathehcichii
genes with potential vitamin D response elenicuts in
their promoters were not affected by 1 .25(OH)9D:i.

In cattle, production of ],25(OH)2D,, b y monocvtes
enhanced product ion of nitric oxide by increasing the
expression of iNOS. Nit lie oxide is known to have several
effects physiologically and was considered a fundanien-
tal (OIl ponent of the antimicrobial response (13ogdan.
2001). Studies with iNOS-deficient mice revealed that
production of nitric oxide aided in the resolution of Al.
tui.bcicuiosis and Mzjcobacterzum boiis infections (I\ lac-
Micking et al., 1997. Waters et al., 2004). No studies
have definitively shown that nitric oxide is necessary
for bovine mnacrophmages to kill bacteria. Regardless.
nitric oxide production occurred during the course of
several major diseases of cattle such as Joline's dis-
ease (Waters et al., 2003). mastitis (Bhun et al.. 2000.
Bouchard et al., 1999). and tuberculosis (Palmer et a]..
2007). The concentration of 25(OH)D .j in cattle might
have considerable implications ill diseases because
nitric oxide production in nmonocvtes is dependent on
25(0I1)D.1 concentration iii vitro.

It was shown that 1.25(01-I )D . 1 production in bovine
mnonocvtes increased RANTES gene expression. Al."o
known as chmeiiiokimie (C-C motif) ligand 5. RANTES
is a chemno-attractant for T-lmelper cells amid nionocvtes
to the site of inflammation (Schall. 1991). In humans.
BANTES was implicated ill the clearance of viral infec-
tions. likely by the recruitment of other minmune cells
to the site of infection (Levy. 2009). There is little in-
formation on the importance of RANTES ill bovine
ii uniune response, and most of what is known ahoi it
the clieinokine is drawn from studies in other species.
The expression of RANTES was induced by TLR sig-
iialing ill 	 (Pam'eek et al.. 2005, \Vicldison ci al..
2008). Based oil from this sttmdv. induction of
RANTES expression iii bovine Umonoc tes was it iediatecl
1w production of 1.25(()H)2D. in nionoc tes in respoimse
to 'l'LR signaling.

Finally, this study provides evidence that. vitamin D
status of cattle is important for proper immunc. func-
tion. It is clear that RANTES and iNOS expression
and nitric oxide production in activated nmonocvtes
increased with 25(011)D: t concetitratiomi up to 100 ng/
mL iii vitro. The concentration of serunu 25(OH)D 3 in
cattle supplemented with time recommended aimmoumit
of dietary vitamin D t ypically ranges f'momu 2() to 50

la-OHase mRNA
(A)	 h

b	 b

1]
(D)	 C

	

LPS	 -	 -	 +	 +	 +	 +

	

25(OH)D 3 	-	 +	 -	 +	 +	 +

	

Ketoconazole	 -	 -	 -	 -	 +	 +

	

1,25(OH) 2 D 3 	-	 -	 -	 -	 -	 +

Figure 5. II ANTES (regulated upon act ival ion. norm id T-cell
expressed (1101 secrete(l), inducible nitric oxide svnt Iocse (iNOS). and
liit(W oxide are di.'pi'iideiit oil 1(\-livdroxvlas(' ( U -c Hose) act vi iv.
Peripheral blood toliocytes \Ve1'E' isolated from 6 cows aiiil treated
with 100 ng/niL of LPS, 75 ng/uiL of 25-hvdroxvvit rim ill 1)- [25(01 I

S g/mL of ket oe >nazole. and 054 ng/niL of 1 .25-(ili droxv ii-
talnin l): i [1.25(OH)-J)-1] as indicated for 24 It. Relative expression of
lo-011ase (A). RANTES (B). and iNtJS (C) was determined using
real-time I'C I-{ mid (lie 2 n ict-liod. The niean fold increase shown
for each gent, is relative to the noutreated control. (13) Nitric oxide
productioii was determined by measuring the anionic of nitriterite hi the
culture superliitauil wi I h the Criess assa y. Error liars represent SE. u
= 6 Means wit ii different letters are different. P < 0.05.
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ng/mL (McDermott et al., 1985). Serum 25(OH)D3
concentrations above 50 ng/mL can he reached by
additional supplementation; so, it might be possible
to boost RANTES expression and nitric oxide pro-
duction during an immune response in cattle. When
the 25(OH)D;1 concentration exceeded 200 ng/mL in
serum, calcification of soft tissue occurred (Horst et al.,
1994). Current dietary recommendations for vitamin
D supplementation of cattle are largely based on the
amount of vitaniin D needed to maintain proper min-
eral homeostasis in dairy cattle, not on the amount for
proper immune function. Therefore, future studies are
needed to determine what concentration of 25(OH)D.
in cattle is needed for proper immune function.
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